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ABSTRACT 
In order to study the flow fieldd in. the sink: rag±orr_ o 
a vortex Sink Rate Sensor, an experimental s:tudy was 
initiated. Using two probes, dne for the taL prssire 
measurements and the other for the static pressu±measuremerits. 
• data was collected for two flow rates, varicus rtes of 
rotation and at.various points in the sink: region. af the-L- f2--ow. 
For the ;nsor (coupler inside d±.:meter 51 inches:  arid. 
height 0.50 inches) with slenderness parameter of unity thnr 
important conclusions were drawn from the dat-a... At a given-_ 
location in the flow field the magnitude: of the tançent±aiL 
component of velocity increased for decreased. fIow rates. 
Viscous core did exist in the sink flow and outs-±d of it 
the tangential component of velocity was n:egIi:ibly: smalL 
Within the viscous core the tangential component: of velocity. 
increased- in -a general manner with increased: rates:- of 
rotation. The maximum of the tang.en±±aL component of 
velocity, occiired within- the entranc:a region ta the sink-: tube:..
12. 
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LIST OF SYMBOLS 
R - inner radius of coupler 
2h --spacing between plates or height of coupler 
2r 0 - inside diameter of sink tube 
D - distance measured along positive z-axis 
from the lower surface of the sensor to 
the probe location where data was 
collected for various radii 
- W - rate of rotation of the sensor 
-	 Q - volume rate of flow in cubic feet per 
minute 
r - variable radius 
P - density of fluid 
S = f.2. - slenderness parameter 
h 
V . - magnitude of velocity vector 
Vr - radial component of velocity vector 
V - axial component of velocity vector 
V0 - tangential or circumferential component 
of velocity vector 
Q 
U= rr - average axial velocity of the flow in 
the sink 
Re = 2r 0U =	 22 - Reynolds number characteristic of sink irvr0 flow 
0 - 'local helical or stagnation angle' of 
the sink flow 
0 0 -	 'reference angle' 
= (0	
-	 00) - true helical angle of sink flow 
r*
- radius of viscous core	 .
GENERAL REMARKS 
A vehicle traveling in space or in earth's atmosphere 
like a space craft or an Inter Continental Ballistic 
Missile is subjected to forces which may cause thevehlcle 
to rotate about some axis. Wheneer this occurs, it is 
desirable to know, for guidance and other purposes, the 
angular velocity of rotation and, if possible, the rate 
at which it is changing.. A vortex sink rate sensor, 
sometimes called a fluid gyroscope, is a fluidic device 
that is used to sense the rate of rotation of the vehicle 
on which it is mounted. In this sense, it seems more 
appropriate to call it a vortex rate sensor. 
The vortex rate sensor used in the present investigation 
has a continuous flow of "air" through the manifold, the 
coupler (sometimes called filter), the chamber and axially 
through the sink (drain) into the atmosphere. The coupler, 
the chamber and the sink tube together are free to rotate 
within the manifold without any loss of flow. When the 
sensor is rotated about its axis of symmetry, the coupler 
superimposes a tangential velocity onto the other wise 
radial flow. The fluid, after leaving the coupler, spirals 
towards the sink and flows through the sink tube in a 
helical manner. Due to conservation of angular momentum, 
the tangential velocity of the fluid increases as it moves 
towards the sink. Thus, a change in the angular velocity
-2-
ofthe device causes a measurable change at the sink. The 
Present investigation is concerned with the velocities in 
thésink region.
-3-.. 
INTRODUCTION 
-
	
	
An experimental study was made of steady flow in the 
sink region of a vortex sink rate sensor. The velocity. 
profiles weredetermined along the length of the sink tube 
for various diameters of sink tube with the rates of rotation 
(w) , slenderness ratios () and the volume flows (Q) as 
parameters. 
The object was to obtain a better understanding of 
the flow and to find the optimum location for the probe, 
should one exist, with respect to the sink tube (r and D) 
and the geometrical parameters. 
Attempts were made to explain the flow field analytic-
ally. To date, these were met with little success. The 
complexity of the Navier-StokeS equations used in this 
analysis is further compounded by the nature of the finite 
and nonuniform geometry of the problem. To date, no 
solution was reported in the literature that is uniformly 
valid even for the pancake region. 
Particular solutions like perturbation solutions are 
reported by 'W. S. Lewellen" {l}* and "Ostrach and Loper"{2} 
for confined vortex flows within geometries of uniform 
cross sections. 
Ostrach and Loper {2} analyzed the problem of the 
vortex flow bounded by two stationary, parallel and finite 
plates and driven by the tangential injection of incompressible 
*Numbers in brackets designate references listed at the end of 
the paper.
----.--...---.	 •._--...
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viscous fluid. The solution they obtained by the momentum . 
Integral method was confined to the case .where the 
separation distance between the two plates (s) is much less 
than the radius of the plates. They further imposed the 
classical restriction that the inertia terms dominate the 
viscous terms (Reynolds number >> s 2 >> 1) except in the 
boundary layer regions near the two flat plates. 
The authors showed, without regard to the manner of 
exit of the fluid from the central core, that the 
boundary layer thickness is strongly dependent on the. 
imposed radial mass flow. The boundary layer, in fact, 
was found to grow thicker as the mass flow is decreased 
and thereby having considerable influence on the outer 
flow..Forvery small radial flows, this influence pre-
dominates, and as a consequence of the assumptions involved, 
the analysis no longer portrays the physical flow. 
"Lewellen" {l} discussed the axial variations of 
flow in a swirl superimposed upon a stagnation point sink 
flow (with radial inflow) for large Rossby numbers (ratio 
of radial volume flow to characteristic circulation) 
which correspond to weak swirls. The results showed that 
when the magnitude of circulation is decaying for increasing 
axial distance, the axial velocity in an annulus about the 
axis actually increases faster than on the axis itself. 
This causes the reduced axial pressure gradient on the axis 
and for strongly rotating flows this is further accentuated
-5-. 
and the axial pressure gradient can- -be reversed to give a 
reversed flow. 
For a slightly different problem, interesting results 
were obtained by	 idd and Farris" i.3}. For the problem of., 
the flow produced by the interaction of a potential vortex 
with a stationary'surface, they similarity transformed 
the "full" Navier-Stokes equations and integrated the result-
- ing ordinary differential equations numerically. When 
the vortex flow is far from the surface, Kidd and Farris 
showed that very close to the surface, the radial velocity 
is directed towards the axis and thereby the flow was able 
to redistribute itself. This recirculation of flow is 
physically necessary because there could be no net flow in 
the radial direction for a potential vortex. 
Classically, these problems were of interest in the 
study of tornadoes and hurricanes. Recently they have 
become of interest expecially in the design of nuclear. 
reactors. 
Experimental studies of confined vortex flows can be 
broadly classified into two subcatagories. The first of 
these are concerned mainly with high swirl flows. Due to 
the fact that these flows are of practical importance as 
in the case of hydraulic cyclones, magnetohydrodynamic 
vortex power generators (nuclear reaction chambers), 
dust cleaners, etc., high swirl flows received a good 
deal of attention. Savino and Keshock {4}have presented
-6-
a:comprehensive study of high swirl.-and related vortex 
flows for works up to 1965 in their •report on "Experimental 
-	
Profiles of Velocity Components and Radial-Pressure 
Distribution In a Vortex contained in a Short Cylindrical. 
Chamber." Lee {5} in his report on "An Experimental 
Study of the Flow in a Low-Pressure -Swirl Chamber" 
listed the works of various other authors since 1965. 
Some conclusions of Savino and Keshock {4} are interesting 
and worthy of mention here. They concluded that the amount 
of :swirl (ratio of tangential to radial velocities) 
imparted to the fluid as it is injected into the chamber 
alone determines what fraction of the total mass flow will 
be forced to flow inwardly within the end wall boundary 
layers. When the swirl is low (the ratio less than 
0.5), the radial inflow will have enough inward momentum 
to penetrate the centrifugal field and inflow will exist 
at all axial and radial positions away from the walls. 
When the swirl is high (the ratio greater than 10), the 
radial inflow is diverted axially; and if two stationary 
end walls are present, all the fluid leaves the chamber by 
way of the boundary regions adjacent to these end walls. 
This letter conclusion is consistent with the results of 
Lèwellen. {l} 
The second subcategory of experimental studies of 
confined vortex flows deals mainly with low swirl flows.
..	
.	
. 
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One such flow is the flow in a vortex sink rate sensor. 
Various studies in this connection were reported in refer-
ences {6 through 101. 
In the experimental studies. of Sarpkaya {6} using air 
as the fluid, attention was focussed mainly on the per-
formance of pickoffs on the Sensor. 42 therein. Of partic-
ular qualitative interest to the present study is the 
conclusion reached by Sarpkaya that the output of the 
pickoff is linear for small values of '' and that it increases 
with increasing flow rates. The sink of the Sensor #2 
used by Sarpkaya was not of uniform cross section but 
instead was initially tapered. The sink tube of the 
sensor used in the present study, although much longer, 
is of uniform cross section and similar to Sensor #1 
used by Sarpkaya. Sarpkaya in his investigation observed. 
that rotations in counter clockwise as well as clockwise 
directions about the axis of symmetry gave identical 
differential pressure signals. In view of this; the 
present investigation was restricted to the counter 
clockwise (viewing from top) rotations of the sensor 
with the implied assumption that for clockwise rotations 
the flow will be similar except for the change in the direc-
tion of the circumferential velocity. 
Rakowsky and Schmidlin {7}, with water as the working 
fluid, studied the .f low in the pancake region by photo-
graphing the dye traces of the streamlines and then reducing
FA
-8-
the resulting data. Angular momentum efficiency (ratio 
of angular momentum at any r to that at r = R 0 ) of the 
midplane of the pancake region was plotted as a function 
of radius. These results were compared with the results 
predicted by a momentum integral method with an assumed 
parabolic momentum profile and the unknown matching 
parameter was found. 
Heilbaum {8} using the smoke trace techniques studied 
the effects of the geometrical parameters on the flow 
in the pancake region of the sensor. Of interest is 
the conclusion that theratjo of circumferential to radial 
component of velocity was observed to increase for 
decreasing flow rates. 
Qualitatively this can be explained in the following 
manner. For a given geometry of the sensor, the 
angular momentum imparted to the fluid per unit time 
remains the same (assuming the rotation is uniform) and 
for increased flow rates, this means, the amount of 
angular momentum imparted per unit volume of the fluid 
per unit time decreases. Consequently, the ratio of 
circumferential to radial velocity decreases. This ratio 
would further decrease due to the fact that for increased 
flow rates, radial component of velocity increases. The 
results by Heilbaum seemed to indicate that an optimum 
characteristic radius to height ratios of coupler may 
exist for various flow rates.
-9-
Inaddition to the effect the coupler diameter had 
on:the pickoffs, Burke and Roffrrn {9} studied the 
performance of two different pickoffs (one axially slotted 
and--'one circumferentially slotted).. They observed that 
fdr::couplers of smaller diameters the pressure output 
decreased. 
Later Burke {lO} studied the effect of the coupler 
Might and the pickoff on the sensitivity (defined as 
signal output per unit rate of rotation) of the angular 
ratesensor. Further, it was observed that for a given 
rate---of rotation, the sensitivity (which now is a measure of 
differential pressure) dropped rapidly as the angle 
between the axis of spin and the axis of symmetry increased. 
It-.-.was also observed that the maximum sensitivity was 
fOund to occur when the two axis coincided. The sensitivity 
wasa1so found to increase with increased heights of the 
couplers. Burke also discussed the time dependent 
phenomena like the noise frequency in the output of the 
pickoff, the transport time, and the threshold (ratio of 
AR:-of signal to AP of noise). The threshold is considered 
ameasure of the amplitude of the noise. These phenomena 
are:of importance in the practical use of sensors where 
the-response time is of importance. Though it is not 
explicitly mentioned, the above study wa g confined to very 
small. (less than 1 revolution per minute) rotations.
- 10 - 
It should,.however, be noticed that sink tubes of 
a--particular-diameter were used in ,-the studies by each of 
the above Investigators with their pickoff s located at a 
fixed position except in the case of Rakowsky and 
ScbxnIdlin. 
In the present study, the ilbw was assumed to be 
laminar and incompressible due to the fairly small flow 
rates involved. In addition, the flow was assumed to be 
symmetric about the axis of symmetry. 
In this connection, though the asymmetry in the flow 
was negligible and, in fact, unmeasurable in the present 
study, its existence as observed in the pancake region 
by Savino and Keshock {4} in their high swirl experiments 
should be remembered. Observations like this and others 
seem to further substantiate the general remarks made 
byLadyzhenskaya {ll} in connection with the results of 
aparadoxca1 solution of the Navier-Stokes equations 
obtained by Goldshtik. The result arrived at by Goldshtik 
here quoted is: 
"In the problem of the interaction between an 
infinite vortex filament-and a plane, there is 
a unique solution with the symmetry as that 
of the problem itself, provided that R (Reynolds 
number) does not exceed a certain number R 1 , but 
if R exceeds a certain number R 2 >R 1 , there are 
no such solutions." 
COmmenting on this result (and, others) Ladyzhenskaya. 
noted:
I.
• •	 ---.-... -.	 _-•.-	 -	 - 
4.
"This result only shows that there ceases to exist 
a.so1ution with the symmetry prescribed by the 
author,. starting from the corresponding symmetry 
of the data of the problem. It .-is not known 
whether the problem has an asymmetric solution, 
but 1 suspect that it does."	 • 
TherefOre., it would be difficult to conclude analytically - - 
whether the flow is asymmetric or not. It remains to be 
proven. The symmetry assumed in the problem only means 
	
•	
'that:the asymmetries, if any, in the flow are assumed 
negligible. This is particularly true in the sink region, 
	
•	 ifnotin the pancake region.	 •	 •
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DESCRIPTION OF APPARATUS 
The apparatus was designed foa large number of possible 
combinations of physical dimensions for the sensor. However, 
the.-investigation to date was confined to the case where 
slenderness parameter '1T' is unity; The investigation will 
becontinued for other values of this parameter. 
The apparatus is shown in the photograph on page ha. The 
test-section of the sensor or simply the chamber is shown 
schematically in figure 1. The chamber is made of two plexi-
glass disks separated by a porous coupling. The lower disk 
has--an opening for the sink tube, whereas the upper disk has 
attached to it a support to maintain  bearing. Both these 
disks have grooves on the inside to allow proper seating of 
the porous coupler concentric to the axis of symmetry of the 
disks. Spacers, symmetrically spaced around the entire 
circumference, are used to ensure rigidity and uniform separa-
tion between the disks. A sink tube, also made of plexiglass, 
was : rigidly assembled to the lower disk,-in so doing, added 
rigidity to the chamber assembly.	 - 
The-chamber, supported at the top by a bearing, is free 
at--the bottom to rotate within a brass bushing pressfitted 
to-the manifold assembly. Thus, the chamber is free to 
rotate about its axis of symmetry inside the oil seals, 
which are also pressfitted to the manifold. The manifold, 
in.-turn, is regidly fastened to a platform on which also a 
A
variable speed drive motor with its speed reducer is mounted.
4- 13 - 
The speed-range of the motor after reduction allows a range - 
of 0 to 35 RPM. A gear pulley mouñtéd on the bottom of 
the sink tube is coupled to the reducer shaft gear pulley 
by a gear belt, thus, providing positive drive to the test 
section. 
Five interchangeable sink tubes with..1/4,•3/8, 1/2, 
3/4 and 1 inch inside diameters a1lowfor variations in the 
sink tube size. The porous . coupler used is similar to the 
one used by Burke {10}. The many advantages in the use of 
this type of coupler were discussed by Burke. 
-	 The coupler was made from .0.025 inch thick aluminum 
rings with an inside diameter of 5 inches. Triangular grooves 
of 0.0157 inches in width (approximately) and 0.013 inches 
in depth were cut radially towards the center of each of the 
rings. Actually, the cut for each groove was made from the 
inside to the outside in order to leave the resulting micro-
burrs on the outside of the ring rather than on the inside. 
The grooves were cut, side by side, such that on the inside 
circumference of the ring, they are continuous, that is, 
without any flat tops between grooves. On the outside 
circumference, small flat tops formed between the grooves. 
In all, approximately 1000 such grooves were cut around the 
periphery of each ring. 
The rings are stacked with the grooved side of one ring 
against the smooth side of the next ring. The stacked rings 
are held under compression in the assembly of the sensor
-14-.
forming triangular nozzles of O.25 inches in length. The 
aggragatejet area was about 26% of:the inside area of the. 
coupler. This coupler is practically uniform throughout 
its-circumference. These rings,, therefore, can 'be stacked 
to-:any desired height to a maximum-of 1 inch with the present 
apparatus, thus, providing flexibility in the height of 
the coupler. 
Another set of these rings .were made, having an inside 
diameter of 10 inches, to provide a larger coupler. The 
number of nozzles in this case is approximately 2000 with the 
aggregate area of the flow remaining the same as before. 
To locate probes, in each of the sink tubes, six radial 
hOles of .062 inches in diameter, at 1/2 inch intervals 
lengthwise, were drilled through the tube. For convenience, 
théT-holes were countersunk on the outer circumference of the 
sink-tube. Due to ,
 the probe holders, only 4 of the 6 stations 
were accessible for testing. While collecting data at one 
of--these stations, all other stations could be plugged with 
Tëflôn so that the plugs were 
of.-.the sink tube. At each of 
length of the tube (hereafter 
could be made to traverse the 
HOwever, since the flow was a 
probe traverses were confined 
only,,
flush with the inside surface 
the 4 locations along the 
called stations), the probe 
diameter of the sink tube. 
ssumed axially symmetric, the 
to the 'radius of the sink tube 
- 15 - 
Two probes, as shown in figure 2, were used; one for -
total-or stagnation pressure measurements along the radius 
of-'the sink tube, the second for static pressure measure-
ments at the same locations. 
The stagnation probe is a cylindrical tube (0.062 
inches outside diameter Monel tubing) with a hole 0.015 
inches in diameter, drilled for pressure measurements, 
such that the axis of the drilled hole is normal to the 
axis of the tube. This probe could be positioned at any one 
of the stations on the sink tube. One end of it is closed 
and attached to a specially designed holder which has a 
twofold purpose. The open end of the probe is connected 
to tone limb of a U-tube manometer mounted beneath the lower 
disk of the sensor. The manometer, in turn, is open to the 
atmosphere. The probe holder mentioned above permits one to 
preset the probe at any desired radius in the sink and 
secondly, allows one to rotate the probe at that radius 
about its axis through any desired angle, with respect to a 
vertical reference line marked on the sink tube. 
As shown in figure 2, the static probe was also made 
of similar tubing as that used for the stagnation probe. 
One end of it was first closed by welding and the weld was 
then ground uniformly to the shape shown. Static pressure 
hole of 0.025 inches in diameter was drilled and 1/2 inch 
dOwnstream of it two pins were welded to support the tube 
when placed in the sink tube. The probe was placed in the
416 
sink tube through its exhaust end and was held in .a vertical 
position on-the pins by two supporting tubes. These support 
-	 '	 tubes were inserted on either side of the static probe through 
the holes on the surface of the sink tube (one level below 
the station under investigation) thus, forming a cross with 
the probe. The end of the support tubes, which were to come 
in contact with the static probe, had V-grooves to eliminate 
any relative motion. The other end of the support tubes were 
attached to special holders. These holders were so made that 
the desired radial position for the static hole could be 
preset relative to the outside surface of the sink tube. The 
open end of the probe was connected to one limb,of the mano-
meter exposed to atmosphere. 
Filtered and metered air at room temperature (approxi-
mately 70°F) was supplied to the sensor, through the six (at 
times four) 'symmetrically spaced inlets of the manifold. 
The flow meter measures the pressure drop across its element 
(composed of slots formed froman array of concentric thin 
cylinders in which the gas flows through the annular spaces) 
which is linearly dependant on the flow rate. The pressure 
drop is measured by a sensitive differential pressure gauge. 
For the case when r 0 = 0.1875 inches and Q = 3.164 cubic 
feet per minute, the supply was found to be oscillatory. 
This may have been due to other demands on the supply system. 
The flow rate in this case was adjusted until the maximum 
and minimum were symmetric about the desired flow rate of'
- 17 - 
3.164 cubic feet per minute. The maximum oscillatory 
stagnation' pressure was used as reference in determining 
the stagnation angle. This procedure, of course, was very 
time consuming. At the stagnation angle, the mean of the 
maximum and minimum.was taken to be the, stagnation pressure.
- 18 - 
TEST PROCEDURE 
-	
.	
At each location in the sink flow, the local stagnation 
-	
pressure and the "true helical angle" (to be defined in 
the following paragraphs) were measured using the stagnation 
pressure probe. The corresponding local static pressure 
was then measured within a short period of time using the 
static pressure probe. As shown in figure 3, the local 
magnitude of the velocity vector was calculated from these 
-	
pressures and then with the use of the true helical angle, 
the local circumferential and axial components of the 
velocity were calculated. 
The local stagnation pressure was found by monitoring 
the probe until the pressure head shown' by the manometer 
was a maximum. This, of course, occurs when the axis of the 
hole (the axis normal to and passing through the center of 
the hole) is coincident with the direction of the local 
velocity vector.  
The angle the axis of the hole makes with the vertical 
reference line was defined as the 'local stagnation angle' 
or the 'local helical angle' (0) of the flow. 
In the absence of rotation, the local stagnation angle 
measured at a given radius, at a station available farthest 
from the pancake region (that is, at D.= 2.5 inches) was 
defined, as the 'reference angle' (0) at that radius.
- 19 - 
For a given radius, the angle •between the corresponding' 
reference angle (0) and the local helical angle (0) measued 
at any station (any D) was taken as the 'true helical angle' 
•	 (4)) at that radius and D. 
There was reason for measuring 0 at every radius 
instead of at the axis of symmetry and D = 2.5 inches, while 
changing the radial location of stagnation hole, the probe 
was free to rotate relative to the holder though the holder 
itself was not free to rotate relative to the vertical 
reference line. Therefore, the angle the axis of the hole 
made with the vertical reference line could not be held 
constant, thus,, the significance of the previous 0 0
 was lost 
for the new radius. Consequently, O had to be measured 
whenever the radius of the stagnation hole was changed. 
In the absence of rotation, it was, therefore, implicitly 
understood that far removed from the pancake. region (where 
V >> Vr) the pressure head would be a maximum when the 
axis of the stagnation hole was aligned in the axial direction 
and facing the flow. The angle corresponding to this position 
was taken as the reference for the axis of the hole at that 
radius. 
In the process of calculating the local magnitude of 
the velocity vector from the measured stagnation and static 
pressures, it was assumed that the radial component of the 
velocity vector was negligible and, therefore, the 
corresponding impact pressure could be neglected.
ci
- 20 - 
-It was found that the total pressure head remained 
constant-for as much as 20 degrees rotation of the probe 
about the-helical or stagnation angle. Therefore, the 
•	 helical angle was determined as the mean of the two angles 
(on either side of the exactly unknown helical angle) 
•	 where the maximum pressure was found to drop by the same 
•	 - height (less than .05 centimeters) from the maximum. The 
assumption that locally the flc': was uniform, that is, ce 
•	 dimensional in nature justified the above averaging process 
for finding the helical angle. 
These assumptions also justify static pressure 
measurements. 
As the manometer and the probes were mounted on the 
chamber, the fluid levels in the manometer could be read 
while the chamber was rotating. A cathetometer was used to 
do this. Everytirne it was desired to read the level of the: 
fluid, the telescope on the cathetometer was adjusted 
until the hairline in the telescope was in the plane formed 
by the rotating fluid level in the manometer. The effect 
of the centrifugal forces on the manometer fluid was 
neglected. 
The technique used in obtaining the data is here 
discussed for a typical test run. 
I.	 The.stagnation probe with its holder preset at a 
desired radius for the probe hole was placed in the station 
at D = 2.5 inches. The open end of the probe was connected
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to:one:1imbof the manometer.. .The flow of air was started 
andi•ncreased until the desired rate was reached. About 
10:minutes were allowed for the system to reach steady 
state. The probe was monitored to find the approximate 
angu'iár region where the pressure was a maximum, with 
théeprobe facing the upstream flow. The probe was then 
16ck6don to the probe holder at one angle in this region 
andthe hairline of the telescope was adjusted to the 
fIüid:llevel in the manometer. The probe then was locked, 
the angle was given an increment towards one side of the 
previous angle. The level of the manometer fluid, as. 
observed through the telescope, was checked to see if there 
was zany drop. This procedure was repeated until there was 
adef.inite drop in the level of the fluid from the maximum 
level. The corresponding angle,as shown by the protractor on 
the-p;obe holder, was recorded. 
This procedure was repeated on the other side of that 
starting angle and the angle corresponding to the same 
amount--of drop as before was noted. The mean of these two 
angles noted was the "reference angle" (6) for the 
corresponding radius of the stagnation hole. 
11. After finding 00, the angle was given an increment 
from:-0 0
 and locked at that position. The motor was then 
started and its speed was increased until the' chamber 
attained the desired rate of rotation. About 3 minutes 
were allowed for the flow to reach steady state and the
3
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telescopic level was checked to:rnake sure that it was in:. 
the--plane of the manometer fluid level. Without distürbin 
thespeed regulator, the motor was stopped and the angle 
was--given a further increment and the above process was 
repeated until there was a definite drop in the fluid 
level. The corresponding angle was noted. This procedure 
wasrepeated for the angles.on the other side of 00 and 
thecorresponding angle was found. The mean of these two 
angles was the "local stagnation angle" (0) for that 
radius and D. The probe was set at this angle and the level 
of--'the-telescope corresponding to the maximum fluid level 
(hmax) was noted. At this time the atmospheric pressure 
was:recorded from a Barometer ( hB ) . The motor was stopped 
and the probe tube connected to the manometer was disconnected 
withOut disturbing the manometer. The level of the tele-
seope:corresponding to the equilibrium level of the fluid 
in:.thétwo limbs of the manometer, both now exposed to 
theatmosphere, was noted (h a ). Therefore, 2 ( hmax ha) 
wasthé stagnation pressure head above the atmospheric pressure. 
The stagnation probe was removed with its holder and 
théstatic pressure probe was inserted through the exhaust 
end:ofthe sink tube. The static pressure probe was held 
on.--.the support pins, by the support tubes and their holders, 
which were inserted at one level below the level where 
stagnation pressure was measured. These holders were also 
preset to the same radial position for static hole as before..
t	 .-.
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Th&EQpen end of the probe was connected to the manometer- 
by atuhe passing through aslant hole at the bottom of the,--,--,, 
sink..tube so that the manometer, the probe and the connecting 
tubé:would be free to rotate with the chamber. 
The motor was started again and about 3 minutes were 
allowed for the system to reach steady state. Then the 
level. corresponding to the static pressure level of the fluid 
in:the manometer was noted froi the level of the tele-
scope-:(h 5 ). The atmospheric pressure (hB) was once again 
noted at this time. The motor was then stopped and the 
connecting tube was disconnected without disturbing the 
manometer. The level of the telescope corresponding. to the 
equilibrium level of fluid in the two limbs of manometer 
was:no.ted (h). Therefore, 2 ( h S - ha) was the static 
pressure head above the atmospheric pressure. 
After reading the stagnation pressure head, it took 
léssthãn 10 minutes to read the corresponding static 
pressure head. It was noted that the atmospheric pressure 
never :..changed appreciably within the observed 10 minute 
intervals. Thus, without using the atmospheric pressure in 
thé,:calculations, the velocity head was found by subtracting 
ftom:the stagnation pressure head above atmospheric level, 
thé.static pressure head above atmospheric level. 
III.. Without changing the. radius of the probe holes, the 
procedure in step II was repeated for all other D's 
available.
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IV. The Trate of rotation was then changed to another desired 
value and the procedure in steps I, II and III were repeated, 
until all the rates of rotation of interest were completed. 
V	 The radius of location of stagnation and static holes 
were changed to a different desired value and the procedure.. 
in all the previous steps were repeated until the data for 
all radii of interest were compiled. 
VI. The above steps in turn were repeated for the second 
flow rate of interest. 
VII. The sensor dimensions were then changed and the above 
steps were repeated. Results, are presented for three 
geometrical sizes of sensors, two flow rates and five rates 
of rotation.
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ACCURACY OF RESULTS 
Inherently, static pressure is difficult to measure 
accurately within 2½% error. The acceleration of the flow - 
around the probe causes the pressure at the hole to fall 
below its value in the absence of the instrument. For the 
probe size used, the diameter of thestatic hole was 
..considered large compared to the diameter of the probe 
itself. This causes a further increase in the standard 
2½% error.* Due to the presence of the static pressure 
term under the square root sign in the Bernoulli's equation, 
this accuracy will have an improved effect on the calcula-
tion of the magnitude of the local velocity vector. Further, 
as V 0 = V sin and V 0 = V cos , the error due to static 
pressure has little effect on the calculated V 0 because was 
found to be generally small, whereas, on V it will have 
the same effect as it had on V itself. 
Turning attention to the stagnation probe, the measured 
helical angles were found to be very small for the small 
rates of rotation under investigation. This, therefore, 
substantiates the assumption, not explicitly mentioned 
thus far, that the probe was not in its own wake. 
For the stagnation probe, within the errors of measure-
ments, the magnitude of the velocity vector may be erroneous 
due to the neglect of Vr, but not the helical angle. How-
* Calibration details are provided in a report submitted to NASA.
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ever, nearithe wall, due to boundary layer effects, gradients of Vr 
could.be:lãrge. In fact, determination of helical angles 
-	
near.:thewalls was found to be difficult in general. 
Iii-théabsence of other errors, the effect of the 
neglected :radial component of velocity on the measured 
static-pressure, with the probe hole facing the nearest 
wall,. was:to increase it from the actual value. The effect 
on: stagnation pressure was to decrease it from the actual 
value. Applying Bernoulli's equation locally, for the 
actuaLquantities involved, 
p==p+..
1 PV2 
	 or	
v = /2(PoP) 
gc	 pgc 
Denotingthe measured quantities and the quantities cal-
cuiâtedfrom them with subscript m, 
M.:	 PCI.. 
Lët-thëerrors due to neglecting Vr in various quantities 
berepresented by A.of the corresponding quantities. From 
previous discussion, it may now be written that
 
APS
-	
and	 P = POM + tP0 
(Po-P);(AP pAPO } 
Lët:M : thé error in V = V - V 
..Av..f2(POPS) - f2{(Pp_ps)(PpAPc)} 
P	 p 
As tP 0 and LiP 5 are positive quantities, when LiP 0 > LiP,
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MUwillbe positive and, therefôre,V > V, when	 < 
tVwill be negative and, therefore,V < V and when 
error in V due to neglecting the contribution 
b7 Vr On stagnation pressure measurement is compensated 
by the error in static pressure measurement. 
In view of this, the assumpLion that Vr is negligible 
can:now be relaxed somewhat. Instead, it is now assumed 
fcir:the validity of the data that the contributions by 
the--radial-component of velocity on the stagnation pressure 
and-'static pressure are the same. It is, however, difficult 
to---estimate the magnitudes of these contributions. 
Stagnation pressure readings were reproducible to 
within 5% and the stagnation angle to within 1 degree. As 
aresult, the maximum deviation in V 1 as well as V, would 
bèléss than 5%; whereas, that in V 0 would be dependant on 
themagnitude of 4 itself. The accuracy of the flowrneter 
usedis within 2.5% over its entire range. The least 
count of the cathetometer is 0.1 millimeters.
DISCUSSION OF RESULTS 
The results for the sensor with the sink tube 
diameter of 0.250 inches are presented in figures 4 
through 7 for the mass flow rates of.3.164 and 6.328 
cubic.
 feet per minute of air at standard atmospheric 
•	 conditions. 
, as well as V0
 (not shown in the figures), can 
be seen to increase in magnitudes for decreasing flow. 
rates. It means that the increase in
	 is not due to

the decrease in Q alone, but is also due to the increase 
in V 0 itself.	 .
V0 
From these figures with w as parameter,
	 can be 
seen to increase with decreasing D. This feature is better 
seen in the plots for the higher flow rate. For the lower 
flow rate, the increase in !Las D decreases, was relatively 
small.	 .,.	 • 
It can also be seen from these figures in a general 
manner that LO increases with increasing w. The results 
U 
show that within the axial region available for testing, 
V0 
the maximum of - occurs at D = 1 inch. However, it may 
not necessarily be the absolute maximum. , 
In addition, the results strongly substantiate the 
existence of a viscous core which rotates almost like a 
rigid body. Y.Q reaches a maximum at the outer' edge of 
the viscous core and it is negligibly small outside of the 
viscous core. The dimensionless viscous core radius (c.) 
r0
•	
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is less than 0.04, but it is more likely near 0.02. The 
physical magnitude of r, corresponding to £- = 0.02, is 
r0 
0.005 inches and for smaller radii than this it is not 
possible to preset the probes accurately enough in order 
to establish the viscous core radius exactly.
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CONCLUSIONS 
The purpose of this study was to make accurate 
measurements of the velocities in the sink region of a 
vortex.-sink rate sensor and to determine the factors that 
inflüencethe fluid motion. 
Fora given sensor, one means of increasing V 0 is 
' théuse of smaller flow rates. While in actual operation,. 
however., the flow rate should be large enough in order 
that--differential pressure is of large enough magnitude 
to:.bé:measured accurately. . The maximum of V 0 seems to 
occur:within the entrance region to the sink tube. This 
andtheexistence of the viscous core suggest that the 
V0 
optimum - occurs within the entrance region and at the 
outer:edge of the viscous core. 
While using differential pressure probes, it is 
advisible to measure the diffential pressure across the 
viscous core diameter. 
These conclusions are based on the results from the 
study of the one sensor with slenderness ratio of unity 
and-'sink tube diameter of 0.250 inches. Upon compiling 
thëresults from the rest of the sensors, more definite 
conclusions can be drawn.
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